Introduction
With increasing interest in supersonic and hypersonic flights, a good understanding of the mixing performance inside a scramjet combustor is essential. One of the critical issues is the mixing efficiency between fuel and air due to short residence time which is only about a millisecond under a typical flight condition [1] . Therefore, an effective fuel-air mixing strategy for the design of a scramjet combustor is required.
There are several methods for injecting fuel into a scramjet combustor, which are generally classified as two main categories [2] , the wall injectors [3] and the strut injectors [4] . The wall injectors, i.e. transverse fuel injection through the wall of the combustor, has been widely used in the transverse jet in a supersonic crossflow (JISC) scramjet combustor [5] .
Due to the complexity of JISC flow, the balance between better mixing performance and a lower total pressure losses is found to be a challenge in high Mach number flows [6] [7] . Many injection schemes have been proposed to improve the mixing and reduce the total pressure losses [8] . Multiple transverse injections, i.e. fuel-stage [9] or air-stage [10] [11] , has been proposed and studied by many researches. Pudsey & Boyce [12] suggested that the number of fuel injectors has a great influence on the mixing efficiency and penetration depth. And there is an optimal number of fuel jets required to maximize the mixing performance. For the best mixing efficiency, an optimal distance between the multiple injectors was suggested by Lee [9] .
On the other hand, the boundary-layer separation upstream of injection causes a large flow separation, which leads to a distorted velocity profile and increases the total pressure losses. In order to control the interactions between the shock wave and the boundary layer, one effective way is to place throttling holes, i.e. the bleeding holes in Ref. [13] , upstream the fuel jet where the shock wave strikes the boundary layer [14] [15] . It is found by Chyu et al. [13] that flow separation induced by shock/boundary interactions can be eliminated by introducing throttling hole. These throttling holes can remove the low momentum portion of the boundary layer to decrease the boundary-layer thickness, which could increase the velocity at the near wall region and reduces the severity of boundary layer separation. This approach is used by Kodera et al. [16] [17] to effectively intensify the combustion process in a scramjet combustor. Although, the boundary layer thickness and separation are in some way controlled, the mass flow through the throttling holes is not usually re-injected into the mainstream which leads to the loss of mainstream mass flow [18] . Obviously, there are several parameters related to the throttling efficiency, such as, the diameter, the geometry [19] and the angle of the throttling hole [13] .
Between the upstream and downstream regions of the fuel injection, there exists a large pressure difference at wall which is roughly three times of the freestream pressure [20] . Hence, Han et al. [21] designed a new self-throttling system to avoid the total pressure losses and to increase the mixing efficiency. Two-dimensional numerical investigation of the self-throttling system shows that the fluid flow upstream from the higher-pressure region merges into the downstream lower pressure region, which can increase the fuel jet penetration and improve the mixing. However, the two-dimensional results of self-throttling system does not reflect the characteristics of a typical three-dimensional shock wave/boundary interactions and turbulent flow structure. Moreover, the geometrical parameters of the design of the self-throttling system are also deficient.
The main objectives of the current work are: (1) to propose a three-dimensional self-throttling system in a typical JISC combustor model; (2) to numerically investigate the mixing performance and total pressure losses with and without the self-throttling system. The paper is organized as follows. The physical model and numerical methods are introduced in Section 2, and the numerical and grid validation are also given in this section. Then results and detailed analysis of three-dimensional self-throttling system in a typical JISC combustor model are exhibited in Section 3. Section 4 summarizes the conclusions of the paper.
Numerical Aspects and Validations

Governing Equations and Numerical Schemes
The governing equations of Reynolds-averaged Navier-Stokes(RANS) simulation for turbulent mixing flow are expressed as follows:
where , ̃ and are the density, velocity and pressure, respectively. h is the sensible enthalpy, ̃ is the total enthalpy, where ̃= h + 1
2̃2
. and is the eddy viscosity closed by using the k-ω turbulence model in this study. ̃ is the mass fraction. Turbulent Prandtl number and Schmidt number are assumed as 0.72. In this study, the Reynold stress is computed by k-ω SST turbulent model [22] [23] , which is a combination of the k-ω model in the near wall region and standard k-ε model away from the wall region. A switch function F 1 combines two turbulent models, which can be expressed as:
and |Ω| is the magnitude of vorticity. F 2 is a function to determine , and the values of parameters can be referred to Wilcox [24] . The k-ω SST model has been widely used to study supersonic transverse injection [25] [26] [27] [28] .
The thermodynamic state equation for ideal gas is expressed as:
where R is the mixture gas constant.
The above governing equations are solved by using a finite volume method based on the CFD software OpenFOAM [29] . The code is a density-based solver rhoCentralFoam [30] which has been developed and validated in our previous simulations [31] [32] [33] . The convective fluxes are reconstructed using a second order TVD scheme and the second order central difference Gauss linear scheme is used for the viscous diffusion. Besides, the discretization of species transport equation implemented is the central upwind scheme. The inviscid solution is used as a predictor for the viscous solution.
Numerical Validations
The flow of a JISC, experimentally studied by Santiago & Dutton [34] and Everett et al. [35] and numerically investigated by many researches [36] [37] [38] 31] , is selected to validate the present numerical method. The inlet Mach number of the supersonic mainstream (cross-flow) is M ∞ = 1.6
while the jet Mach number is M j = 1. The jet-to-cross-flow momentum flux ratio J, one of the most important parameters in terms of the mixing performance, is defined as:
where the subscript 'j' corresponds to the jet exit conditions and '∞' corresponds to the cross-flow inlet condition. γ is a constant specific-heats ratio, γ = 1.4. More details about the JISC flow parameters can be found in Table 1 . captured by the present simulation(see Fig.2(b) ). In general, the numerical approach can capture the characteristics of the flow fields in supersonic transverse injection accurately in the present study. This ensures the reliability of the following numerical investigation on the performance of the designed self-throttling system in a JISC combustor. It is also clearly shown that the mesh scale has only a slight difference to the numerical results. In order to ensure the grid independence for the more complex mixing flow with a self-throttling system, the grid scale of the medium mesh is adopted in the following RANS simulations.
Results and Discussion on the Self-throttling System
Description of the Self-throttling System and Simulations
The scramjet combustor with multiple transverse injection system on a typical flight condition, which is numerically studied by Lee [9] , is referred as a benchmark in the present study. As for the self-throttling system, it takes the advantages of the boundary bleeding upstream the jet [19] and air-stage techniques [10] . The key parameters are the position, geometry, the number of throttling hole, the angle of throttling hole and the hydrogen jet-to-cross-flow momentum flux ratio J. Han et al. [21] proposed a 2D self-throttling system by using a channel to connect the upstream and downstream regions of the injection slot. In the present research, a three-dimensional self-throttling system is proposed for the benchmark combustor. Figure 3 shows the schematic geometry of the present JISC combustor with the self-throttling system, which has one shunting hole located at 8mm (x/D = 2) downstream of the hydrogen jet orifice, and three throttling holes located at 16mm, 32mm and 48mm upstream of the hydrogen jet orifice, respectively. Each of the above four orifices has the same diameter as the hydrogen injection orifice, and is located at the central symmetric plane. A channel with the length scale 72mm×8mm×8mm in the x-, y-and z-directions, is designed to connect the upstream and downstream orifice in the present study. In addition, the angle of the three throttling holes, θ (see Figure 3) , one of the key parameter in boundary layer bleeding technique [13] , is set to be 30°, 60°
and 90°, respectively. The parameters of all the eight cases are listed in Table 2 , in which the jet-to-cross-flow momentum flux ratio J =1 for Cases1-4 and J =2 for Case5-8, while the Case1 and Case5 are the baseline studies without the self-throttling. The computation domain is 520mm×96mm×60mm and the mesh size is basically the same as Case0 including mesh nodes are 331 × 81 × 91 nodes in the x-, y-, z-directions. The mesh count for all cases is listed in Table2 and the O-type block mesh is adopted at the orifice that is the same as Case0. As for the self-system domain, the first mesh height of boundary layer is 0.1mm to ensure the maximum value of y+ being less than 5 [9] . [39] are also clearly observed. When the self-throttling system is introduced, two significant features of Case6 could be observed in Figure 4 (b). One is that there is no recirculation zone upstream of the barrel shock due to the upstream three throttling orifices which remove the low momentum portion of boundary layer. Besides, a shock generated by the upstream throttling hole [40] can decrease the freestream Mach number and weaken the interaction between the injection and freestream, leading to a lower adverse pressure gradient upstream the jet at z/D = 0 plane in Case6. It is also can be seen that separation region R4 is much smaller than R1. The other one is that the shunting air, from the higher-pressure region upstream Moreover, at the location x/D = 2 in Case5 and Case6, it can be seen that the shunting air changes the characteristics of the hydrogen mass fraction contour. Due to the process that accelerates the generation of CVP, the ambient air can be entrained into hydrogen early. Based on the above analysis of the impact by shunting air, the mixing between the air and fuel has a great improvement in a short distance.
Figure 6 The Hydrogen Mass Fraction Contours and Streamlines at Three Cross Sections
The role of the shunting air is similar to that of the air-stage system [10] . It is valuable to define a shunting air to cross-flow momentum flux ratio J s to investigate the mixing process in the self-throttling system. In the present research, J s is defined as follows:
where the subscript 's' corresponds to shunting air injection. Figure 7 shows the predicted J s versus the throttling angle θ under two jet-to-cross-flow momentum flux ratios, J=1 and J=2.
Generally, the case with the higher magnitude of J has the larger magnitude of J s , and with increasing the throttling angle θ from 30° to 90° leads to lower J s . Obviously, different throttling angles can lead to diverse outcomes and more detailed characteristics will be discussed next. 
Fuel Jet Penetration Depth
The fuel jet penetration depth is one of the major parameters for wall heating flux and combustion efficiency of a JISC combustor [41] , and is estimated with the center of mass of the hydrogen from the lower wall as follows [9] ,
where ̃2 is the mass fraction of hydrogen. Figure 8 shows the non-dimensional hydrogen jet penetration 2 /D versus x/D of all the studied eight cases listed in Table 2 . It can be seen that the penetration depth increases by introducing the self-throttling system under the two jet to cross-flow momentum ratios J = 1 and J = 2, and also increases with decreasing the throttling angle θ. It can be seen in Figure 7 that Case2 and Case6 have the highest shunting air to cross-flow momentum flux ratio J s under J = 1 and J = 2 respectively, however, Case4 and Case8 have the best preference of penetration depths, which indicates that penetration depth not only depends on the effect of shunting but also that of throttling. Furthermore, with increasing the magnitude of J, the effect of the self-throttling system becomes evident. Comparing with Case1, the penetration depth of Case4 in a short distance (x/D = 10) increases by 22.15%. However, when the value of J is 2, the penetration depth of Case8 increases by 34.77% comparing with that of Case5. Besides, it is worth noting that the penetration depth slows down at the position of about x/D = 30, this is due to the influence of reflecting shock [31] . where is stoichiometric mass fraction, and its value is 0.0291 for the hydrogen and air [46] .
Figure 8 Comparison of the Penetration Depth
Mixing Efficiency
The mixing efficiency versus x/D for all the eight cases is plotted in Figure 10 . At the initial stage of mixing especially before the position of x/D = 5, the mixing efficiency is mainly affected by convection, resulting in the rapid growth. With increasing the downstream distance, the diffusion has larger influence on mixing efficiency gradually. When the self-throttling system is introduced, the mixing efficiency has a large improvement within a short distance, which is consistent with the results of Han, et al. [21] . One noticeable phenomenon is that the mixing efficiency has a biggest jump in Case 2 and Case 6 with the throttling angle of 30°, which is related to the maximum value of shunting air to cross-flow momentum flux ratio J s . Table 3 where η is the mixing efficiency. It shows that the case with smaller throttling angle 30° has the better mixing performance quantitatively. This means there is a strong relationship between mixing efficiency and throttling angle. Case2 and Case6 have the best mixing performance at the two jet-to-cross-flow momentum flux ratios due to the highest jet of shunt to cross-flow momentum flux ratio. Furthermore, with the increasing magnitude of J, the effect of self-throttling system on mixing is more significant. 
Total Pressure Losses
The shock waves caused by injection and the mixing process between the fuel and air are the two main aspects of total pressure losses. Therefore, it is worthwhile to investigate if there are additional losses of total pressure due to the mixing augmentation by the self-throttling system.
The definition of average total pressure in the y-z plane is expressed in the following form [40] :
where P 0 is the local total pressure. The profiles of the average total pressure, which is normalized by the inlet total pressure, along the streamwise direction are shown as Figure 11 . In all cases, the total pressure decreases rapidly in the region before the injection but slowly at the position of injection. It can be shown obviously that self-throttling system has a good performance in reducing the total pressure losses. The reason is that the throttling holes upstream the hydrogen jet can remove the low momentum portion of the wall boundary layer, which has a control of the interaction between the boundary layer and the shock waves [13] [14] [15] .
(a) (b) Figure 11 The Normalized Averaged Total Pressure vs x/D From Figure 11 (a) and Figure 11 (b), the total pressure losses in self-throttling system are strongly related to the magnitude of J. Generally, the cases with higher magnitude of J has less impact on the self-throttling system. Although, the throttling surface is the largest when the throttling angle is 30°, it is worth noting that 90° throttling angle has the best behavior in reducing the total pressure losses in the present study. The total pressure losses is influenced by various factors and needs further studies.
Conclusions
In the current study, the mixing characteristics of the self-throttling system in a scramjet combustor with transverse fuel injection are studied by RANS simulations with the k-ω SST turbulence model. The influence of two kinds of the parametric, the jet-to-cross-flow momentum flux ratio J and the throttling angles, on mixing performance are conducted. The main conclusions can be drawn as follows:
(1) The fluid flow with high pressure upstream the injector can be partly shunted into downstream region by the proposed three-dimensional self-throttling system. The flow structures and the interactions between the shock waves and boundary layer are significantly modified to improve the mixing performance.
(2) The predicted results of the present studied cases show that small throttling angle leads to the higher shunting air to cross-flow momentum flux ratio and the better mixing performance. On the other hand, higher throttling angle performs better on the jet penetration and the total pressure losses due to the combined effects of the throttling and shunting.
(3) Based on the analysis of the characteristics of the jet penetration and mixing efficiency, the influence of the self-throttling system becomes significant under higher jet to cross-flow momentum flux ratio.
Further works should be carried out to investigate the effects of parameters such as geometry of throttling holes and the connecting channel on mixing and combustion.
